Serial cerebral blood flow
Introduction
Cerebral ischemia caused by delayed vasospasm is a major cause of the morbidity and mortality in pa tients with ruptured intracranial aneurysms. Despite recent improvements in microsurgical techniques, the occurrence of severe vasospasm and its associ ated neurological deficits lead to unacceptable mor bidity and mortality after aneurysm surgery. 1, 6, 11, 16, 22) The neurological deficits caused by cerebral vasospasm are potentially reversible if adequate blood flow can be restored before permanent infarc tion occurs.
Intravascular volume expansion and induced hypertension have become commonly used adjunc tive treatments for the neurological deficits produced by cerebral vasospasm.3,11,151 These procedures can in crease regional cerebral blood flow (rCBF) leading to an improvement of cerebral tissue oxygenation in pa tients with vasospasm, which seems to be based on the impairment of autoregulation in the ischemic brain. 3, 8, 14, 17) Such methods are very useful in re versing neurological deterioration in patients with symptomatic vasospasm. However, some patients with symptomatic vasospasm fail to respond to the treatment and go on to develop permanent neuro logical deficits, which are thought to occur because rCBF does not increase. In such patients, an in crease in local vasogenic edema following induced hypertension may be effective in reducing the local perfusion pressure.
Stable xenon-enhanced computed tomography (Xes CT) is a useful method for the determination of rCBF that can overcome many of the limitations of other techniques. This method provides direct anatomical correlations to CT findings and moreover has a relatively high resolution. It can give quan titative information even in the deep regions of the brain. 5, 13, 19, 24) This study was undertaken to assess the value of early and serial rCBF measurements in predicting delayed ischemic neurological deficits, as well as in evaluating the indications for and efficacy of therapeutically induced hypertension.
Clinical

Materials and Methods
This series included 20 patients, ranging in age from 38 to 87 years, with angiographically confirmed rup tured intracranial aneurysms (Table 1) . They were transferred to our institution within 6 hours of the onset. A definitive diagnosis of subarachnoid hemor rhage (SAH) due to ruptured intracranial aneurysm was confirmed by CT and intra-arterial digital sub traction angiography (IA-DSA), as reported previously .2') The severities of SAH on admission and the delayed cerebral vasospasm were assessed and classified according to CT findings.2) All patients were classified as group 3 except one who was in group 4. The ruptured aneurysm was located on the internal carotid artery in 11 patients, on the middle cerebral artery in six, and on the anterior com municating artery in three. All patients underwent aneurysmal neck clipping on the day of admission .
After the operation, each patient underwent Xes CT-CBF studies which involved performing three to five measurements on days 1-3, 4-9, 10-14, 15-24, and/or 25-31 after the hemorrhage. rCBF was assess ed before and during induced hypertension with con tinuous infusion of dopamine (7-15,ug/kg/min). IA DSA was also performed 1-2 days before or after each Xes CT-CBF study. The Xes CT-CBF studies were performed using a short inhalation of 30% Xes and the curve-fitting method of analysis, as described previously. 25) Changes in end-tidal Xes concentration (ET-Xes), blood pressure, and electrocardiography were monitored during each examination.
ET-Xes was continuously measured by a thermoconductivity analyzer and the blood pressure was also monitored continuously by cannulating the radial artery with a 23-gauge polyethylene catheter. Blood gas analysis (Pa02 and PaCO2) was also performed at the end of each examination.
A CT scanner with a 512 x 512 matrix and 10-mm collimation (Quantex RX; Yokogawa Medical Systems, Tokyo) was used in this study. It was set for a 3-second scanning time at 120 kVp and 130 mA. Although the smoothing process reduces the resolu tion of the image obtained, we performed smoothing because the concentration of Xes used was only 30% and the inhalation time was only 4 minutes. Preanalysis smoothing routines were used to reduce pixel-to-pixel variation, and 13 x 13 pixel smoothing was used. The theoretical background of this method has been described previously.24)
We determined each hemispheric CBF value by set ting a region of interest (ROI) as shown in Fig. 1 . Hemispheric CBF values were taken directly from the data base without normalization for arterial PaCO2i which varied by less than 3 mmHg during the sequential studies performed in each patient.
Pulmonary capillary wedge pressure was raised to 15-18 mmHg with packed red cell transfusion and/ or albumin infusion and hypertension was induced [increase in mean arterial blood pressure (d MABP), 22.1 ± 2.4 (mean ± SD) mmHg] when symptomatic vasospasm appeared. This therapy was continued for 3-5 days after the onset. tients during the period of delayed cerebral vasospasm (Table 1) . Symptomatic vasospasm with disturbance of consciousness (somnolent state) and focal neurological deficits (hemiparesis and/or aphasia) occurred in eight patients (Cases 2, 3, 5, 11, 14, 15, 18, and 19; Group 2) . In Cases 6 and 9, the in itial clinical grade (Hunt & Kosnik's classification') was IV with thick cisternal blood clots and large in tracerebral hematomas, and the clinical outcome was poor, severe disability and vegetative state (Glasgow Outcome Scale'), respectively. The other patients had better outcome.
In the 12 patients without symptomatic cerebral vasospasm (Group 1), induced hypertension significantly increased the hemispheric CBF for the craniotomy side on days 1-3, 4-9, 10-14, and 15 24 (p < 0.05, p < 0.05, p < 0.05, and p < 0.05, re spectively) ( Table 2 ). On the contralateral side, in duced hypertension significantly increased the hemi spheric CBF on days 1-3 and 4-9 (p < 0.05 and p < 0.05, respectively). Minimum CBF value for the craniotomy side was 33.8 ± 5.4 ml/ 100 gm/min on days 4-9.
In Group 2, CBF values on the craniotomy side significantly increased by the induced hypertension on days 1-3, 4-9, 10-14, and 25-31 (p < 0.05, p < 0.05, p < 0.02, and p < 0.05, respectively) ( Table  2) . Resting CBF showed the lowest values on days 10-14. CBF values on the contralateral side also in creased by the induced hypertension on days 1-3, 4 9, and 10-14 (p < 0.05, p < 0.05, and p < 0.02, re spectively). Control value of the hemispheric CBF in the normal volunteers, with ages ranging from 27 to 50 years, was 40.1 ± 2.0 ml/ 100 gm/min.
Serial CBF changes are demonstrated in Fig. 2 . Cases 2, 3, 14, 15, 18, and 19 had symptomatic vasospasm on the craniotomy side, while in Cases 5 and I 1 symptomatic vasospasm occurred on the con tralateral side. The critical hemispheric CBF, at which neurological deficits developed, was about 20 ml/100 gm/min. Therapeutically induced hyperten sion improved the neurological deficits due to delayed cerebral vasospasm in seven patients of Group 2, but in Case 5 motor aphasia persisted in the chronic stage. Left hemiplegia occurred due to delayed cerebral vasospasm in Case 19, but it was markedly improved by the induced hypertension , resulting in mild hemiparesis (4/5). 4MABP by the induced hypertension in the five periods were 21.0 ± 2.8, 23.0 ± 3.2, 22.4 ± 2.8, 21.1 ± 2.4, and 20.5 ± 2.2 mmHg, respectively. There were no significant differences. 
Representative Cases
Case 2: A 47-year-old male was transferred to our in stitution with severe headache, which had developed suddenly 30 minutes before admission. CT scans demonstrated SAH with thick cisternal blood and IA-DSA disclosed a right internal carotid-posterior communicating artery aneurysm. Successful clipping of the aneurysm was performed.
A Xes CT-CBF study on the next day showed areas of slightly low blood flow in bilateral frontal and temporal lobes , with preservation of normal flow to the deep nu clei. Induced hypertension increased rCBF in bi lateral frontal regions and the right temporal lobe. 4 MABP was 23.0 mmHg.
On day 14, he became somnolent with left hemiparesis.
Precontrast CT scans demonstrated widening of the right Sylvian fissure, but an Xes CT CBF study performed the same day depicted areas of markedly low blood flow in the right frontoparietal and temporal lobes, with a right hemispheric CBF value of 20.4 ml/100 gm/min. Hypertension was in duced, which significantly increased the hemispheric CBF to 44.8 ml/100 gm/min (Fig. 3) . Figure 4 shows maps of A CBF defined as the difference be tween CBF before and during induced hypertension . A homogeneous increase in CBF occurred in the right middle cerebral artery territory except the right basal ganglia, where rCBF slightly decreased as shown in Figs. 3 and 4 . AMABP was 19.3 mmHg on that day. IA-DSA showed severe vasospasm of the right internal carotid and middle cerebral arteries.
He showed marked improvement in his neurological deficits after hypertensive therapy and was discharged without residual deficits on day 43. Case 11: A 50-year-old female was transferred to our institution in a somnolent state with a history of severe headache. CT scans and IA-DSA disclosed severe SAH due to rupture of an anterior com municating artery aneurysm. She was operated on to clip the aneurysm.
Postoperatively, her con sciousness became clear without neurological deficits.
On day 13, she became drowsy with right hemiparesis and acalculia. An Xes CT-CBF study showed areas of low flow in the left frontoparietal and temporal lobes. In particular, rCBF in the left parietal lobe was only 18.5 ml/ 100 gm/min. Thera peutically induced hypertension significantly in creased the rCBF in the left parietal lobe to 25 ml/ 100 gm/min. rCBF in the right temporo-occipital area inversely decreased during induced hyperten sion (Fig. 5) . A MABP was 21.3 mmHg.
Her consciousness became clear, and the focal neurological deficits disappeared soon after starting the therapy. She was discharged without neurological deficits on day 34. which is thought to be due to impaired autoregula tion in the ischemic brain. This study showed a mild postoperative decrease in blood flow in some areas on the contralateral side as well as the craniotomy side, since the contralateral hemispheric CBF decreased to the same extent as on the craniotomy side in Groups 1 and 2. Moreover, dysautoregulation occurred on days 1-3 even in Group 1. In this group, the hemispheric CBF on both sides tended to be lowest (31.6 ml/ 100 gm/min) on days 4-9, and increased again after this period. In contrast, the hemispheric CBF in Group 2 was lowest (25.0 ml/l00 gm/min) on days 10-14. The hemi spheric CBF after induction of hypertension during the same period in Group 2 markedly increased to 34.3 ml/ 100 gm/min, followed by neurological im provement.
The lowest hemispheric CBF during symptomatic vasospasm in Case 2 was 20.4 ml/ 100 gm/min, while in Case 10 without symptomatic vasospasm it was 19.8 ml/ 100 gm/min. Figure 2 shows the critical hemispheric CBF producing neurological impairments to be about 20 ml/ 100 gm/ min (about 50% of the control value).
In the absence of significant collateral flow, an acute decrease in the caliber of arterial vessels pro duced a decrease in perfusion pressure distal to these vessels. When a cerebral artery is narrowed in the subarachnoid space, intraparenchymal arterioles distal to the spastic vessels dilate decreasing their vascular resistance to maintain a normal blood flow in those regions. When those arteriolar vasodilation become maximum, any further decrease in the perfu sion pressure will decrease CBF in those regions. Mild decrease in CBF may be tolerated, but further decrease in the perfusion pressure beyond the vasodilatory reserve will produce ischemic symptoms (critical flow level). Critical rCBF levels for adequate cerebral function during the occurrence of delayed vasospasm have been suggested by several clinical studies. Kawase et al.") observed that neurological deficits might develop at a mean rCBF below 55% of the normal value and that levels below 35-40% could produce cerebral infarction. Yonas et al.") recently reported that follow-up CT scans showed cerebral infarction in patients with rCBF values below 15 ml/ 100 gm/ min, while cortical regions where rCBF remained at or above 18 ml/ 100 gm/min did not progress to CT defined infarction and were commonly associated with the clinical resolution of neurological deficits. In our Cases 5 and 11, the delayed neurological deficits appeared contralateral to the craniotomy side, and the minimum hemispheric CBF was more than 25 ml/ 100 gm/min, greater than in other cases with symptomatic vasospasm. The reason for this discrepancy is thought to be that rCBF on the con tralateral side decreased heterogeneously, so that the mean CBF was not so markedly reduced. In our series, dysautoregulation was noted just after aneurysm surgery and persisted to the chronic stage in some cases, and induced hypertension did not aggravate the neurological symptoms in any pa tients. In Case 5, induction of hypertension reversed both the hemiparesis and the disturbance of con sciousness but the motor aphasia showed no improve ment and remained as a permanent deficit. 
